Cobalt-based nanomaterials are being advocated as efficient low-cost catalysts for water oxidation, a key step in water splitting. To date, their efficient integration in photoelectrochemical devices is severely hindered by the poor optical transparency of the thick catalyst layers required to achieve comparable performance to noble metal-based systems. Here, we report the scalable low-cost synthesis of highly transparent and robust sub-monolayers of Co3O4 nano-islands, which efficiently catalyse water oxidation. Rapid (5-15 s) aerosol deposition of flame-prepared Co3O4 nanoparticles and thermally-induced self-organisation leads to an ultra-fine nano-island morphology with more than 94% light transmission at a wavelength of 500 nm. These transparent sub-monolayers demonstrate a remarkable mass-weighted water oxidation activity of 2070 -2350 A gCo3O4 −1 and per-metal turnover frequency of 0.38 -0.62 s
Introduction
Hydrogen production via solar-driven water splitting has been proposed as a sustainable and viable way to power the planet. [1] However, catalysts are essential to minimise the energy required for water oxidation, for which sluggish kinetics and unfavourable thermodynamics are main obstacles to facile synthesis of hydrogen through electrolysis of H2O. [1] Earth-abundant inexpensive transition metal oxide catalysts including MnOx, NiOx, FeOx and CoOx are being widely investigated as substitutes for noble metal oxide water oxidation catalysts, such as RuO2 and IrO2. [2] However, to achieve comparable electrochemical performance, non-noble metal oxides typically require significantly higher mass loadings (mg cm −2 ) than the former (μg cm −2 ). [3] High catalyst loadings on the surface of the light absorber results in large optical losses due to high absorption and back-scattering of light [3] hindering the fabrication of efficient photoelectrochemical devices based on low-cost catalysts. As a result, significant research efforts are directed toward the synthesis of highly transparent and active catalysts, and the development of scalable approaches for their integration into photoelectrochemical devices. [3] In addition to catalysing water oxidation, the metal oxides also serve as hole-scavengers to improve charge separation and suppress recombination losses as well as protective layers stabilising light absorbers that are unstable in aqueous media [4] or undergo photo-oxidative self-destruction. [5] Structural re-design of the photoelectrochemical system can also improve photon management and transmission losses. [6] Several materials, including electrochemically deposited NiFeOx [7] and CoOx [8] , sputtered NiOx, [4b] and surfacemodified Cu metal electrodes [9] have been recently investigated as transparent electrocatalysts for water oxidation.
Amongst these, cobalt oxide electrocatalysts have been reported to significantly improve the photoelectrochemical performance and the long-term photostability of metal oxide light absorbers, such as hematite, [10] TaON [11] and WO3 [12] . Synthesis of CoOx nanocatalysts by hydrothermal, [13] pulsed-laser ablation in liquids, [14] electrodeposition, [2] photochemical metal-organic deposition [15] and nanocasting [16] has led to high electrocatalytic activities for water oxidation. Significantly better electrochemical performance was achieved with thicker films, [17] but this then limits the amount of solar energy that reaches the light absorber. Flame spray pyrolysis is a scalable synthetic method capable of producing transparent nanoparticle layers with controlled primary particle size and film structural properties [18] without the need for surfactants that could block surface sites and diminish catalytic activity. However, due to their ultra-porous morphology, flame-made films suffer from poor mechanical stability, [19] and thus have been rarely utilised for applications in liquid environments [20] .
Here, we report the scalable synthesis of highly transparent and efficient water oxidation catalysts made of robust nano-islands of flame-made Co3O4. This synthesis method enables direct incorporation of electrocatalysts onto potential light absorbers with precisely controlled catalyst mass loading. First, Co3O4 layers comprised of ultraporous nanoparticle networks are synthesised by rapid (5 -15 s) aerosol deposition. Mechanically and chemically stable sub-monolayers are then obtained by thermally induced self-organisation of these networks into isolated nanoislands whose XRD pattern corresponds to the spinel Co3O4 crystal phase. Optimisation of the nano-island morphology leads to more than 94% visible light transmission and excellent water oxidation activity. Notably, these
flame-made nanostructures demonstrate an outstanding electrochemical and mechanical stability during 1000 voltammetric cycles and long-term constant current catalytic tests. To assess the potential of the Co3O4 nano-islands for photoelectrochemical water oxidation, they were directly deposited on GaN nanowires, a promising light absorber with a highly tunable bandgap structure.
[21]
These Co3O4-GaN photoanodes demonstrated improved photoelectrochemical performance with lower onset overpotentials, improved photoresponse and excellent long-term stability, exemplifying the potential of the Co3O4 nano-islands as a superior transparent metal-oxide catalyst for photoelectrochemical devices.
Results and discussion
Aerosols of cobalt oxide nanoparticles were synthesised by flame spray combustion of Co(acac)3 liquid solutions.
Nanoparticle layers were rapidly fabricated by orthogonal impingement of the flame-made aerosols on cooled fluorine-doped tin oxide coated glass substrates (FTO) (Figure 1a ) placed at 12 cm height above the burner. Figure S1 ) revealed that all the nanoparticle layers are spinel Co3O4. The formation of this mixed valent cobalt(II,III) oxide requires reduction of some of the Co(III) precursor during flame synthesis. This is attributed to the oxygen-deficient conditions of the flame core in the first centimetre downstream of the nozzle. [22] At a deposition time of 15 s, the layers forms the characteristic ultra-porous nanoparticle network morphology ( Figure 1c ) recently reported for gas-phase self-assembly of flame-made ZnO. [23] In contrast, 5 s deposition results in a visibly denser layer ( Figure 1b ). This morphology is in good agreement with recent models that predict a drastic increase in the first layer density with decreasing particle size below 50 nm. [24] To increase the mechanical stability of these fragile nanoparticle layers (Figure 1b ,c) for operation under electrochemical conditions ( Figure S2 ), the as-deposited morphology was restructured by annealing at 550 o C for 1 h in air. A calcination step at 550 o C is compatible with many efficient photoactive semiconductors. [10] [11] [12] Topographical analyses of the sintered layers (Figure 1e and f) reveal localised densification of the ultra-porous nanoparticle networks. This results in the formation of robust sub-monolayers comprised of isolated nano-islands (Figure 1e ,f) and a nearly three-fold increase in the size of the Co3O4 nanoparticles from 10 ± 2 nm (inset of Figure   1c , and Figure S3 ) to 30 ± 6 nm (Figures 1 and 2) . Notably, the initial Co3O4 crystal phase is preserved during this sintering step ( Figure S1 ) while the average crystallite size (dXRD) increases from 12 nm of the as-deposited layers to 29 nm of the nano-islands, consistent with microscopic observations. Similar morphologies were obtained on sintering of the 5, 10 ( Figure S4 ) and 15 s as-deposited layers with the main difference being the average height of the nano-islands (Figure 2 ). This discontinuous morphology is reminiscent of that reported for the gas-phase deposition of dispersed CuO nanoelectrodes. [18] Most importantly, these sub-monolayers have sufficient mechanical stability for long-term operation in electrochemical cells while warranting high catalyst surface area and transparency.
Furthermore, it has been confirmed by Higashi et al. that cobalt oxides can stabilise the decorated light absorber underlayers without fully covering them.
[11] Some redox events (inset of Figure 3d ) were observed before the clear onset of the water oxidation reaction. This is in line with previous reports on the Co-based electrocatalysts [13] [14] 25] and can be attributed to the Co3O4/CoOOH process, in which CoOOH is formed via oxidation of the Co3O4 surface. [26] A similar Co(II)/Co(III)-redox process has also been hypothesised by Nocera. [27] On the other hand, in-situ EPR studies indicate that Co(IV) is formed during these redox events and that the presence of intermediate Co(IV) could be essential for oxygen evolution catalysis [25b] .
Indeed, recent publications have reported that the incorporation of gold enhances the water oxidation activity of cobalt oxides by increasing the content of Co(IV).
[28] Based on the Pourbaix diagram [29] , and not taking into account kinetic effects from the catalytic process, the potential of 1.4 V vs. RHE is not positive enough to produce high concentrations of Co(IV). While the electrochemical process corresponding to the Co(III)/Co(IV) redox couple is usually found at significantly more positive potentials than for the Co(II)/Co(III) [26] , it is not possible to completely rule out the formation of Co(IV) before the onset of water oxidation.
[25b] However, there should be further oxidation of cobalt centres on the catalyst surface (probably to Co(IV) again) at more positive potentials, which is coupled to the catalytic process.
[25b, 27, 30] These two sites have been recently hypothesised as Co(IV)-O • and Co(IV)-OH. [31] The intrinsic water oxidation catalytic activity of the Co3O4 nano-islands was further analysed in terms of the Tafel plots (reaction overpotential vs. log current) and turnover frequencies. Figure 3b shows the Tafel plot of the 5 s sub-monolayers with a Tafel slope of 62 ± 3 mV dec
. This is in good agreement with that (62 dec (Table 1) .
Most notably, the 5 s aerosol-deposited films generated a current of 3.50 mA cm −2 which corresponds to a massweighed activity of 2070 -2350 A g(Co3O4)
. This is amongst the highest reported so far for Co-based electrocatalysts (Table 1 ) and translates to a per-metal TOF of 0.38 -0.62 s −1
. It was reported by Bonke et al. that highly-active electrochemically-deposited CoOx reached a TOF of 0.14 s −1 at an overpotential of 400 mV (pH 9.2) and transmission of ca. 88%. [8] With respect to Co3O4-based catalysts, here, the per-metal TOFs are about two orders of magnitude higher than most of the works in Table 1 and slightly better than that recently reported by Muller et al. with a 5 times smaller (6.5 nm) Co3O4 particle size. [14] Lower mass loading of 0.00132 ± 0.00014 mg cm −2 (Table 1 ) [32] than that utilized here (0.00159-0.0047 mg cm
), led to significantly lower per-metal TOF (0.0032 ± 0.0014 s −1 at η = 300 mV) than here (0.023 -0.038 s −1 at η = 300 mV).
As shown in Table 1 , the TOFs, overpotentials at 10 mA cm −2 and mass activities of 5-15 s nano-islands are quite similar. Therefore, further characterisation of the electrochemical performance was undertaken for the most transparent samples only, namely 5 s Co3O4 sub-monolayers. The long-term electrochemical stability of the Co3O4 nano-islands was investigated by constant current electrolysis (Figure 3c) , and during 1000 continuous CV cycles (Figure 3d-f) . Figure 3c shows that the overpotential required to maintain a current density of 10 mA cm −2 during chronopotentiometric experiments (5 s Co3O4) is stable (500 ± 10 mV) over a period of 12 h. The jagged nature of the voltage curve is attributed to the formation and release of oxygen bubbles [28c,33] from the electrode as previously noted [14, 34] . SEM analysis (Figure 3c Co3O4 ultraporous layers ( Figure S2 ) that deteriorate rapidly.
Structural analysis of the catalysts before and after water oxidation was performed by XRD, XPS and UV-Vis spectrophotometry, to probe possible changes in the bulk structure, surface electronic state and transparency of the films (Figure 4) . The initial Co3O4 crystal phase was maintained after 12 h of constant current electrolysis and 1000
CV cycles (Figure 4a ). The average crystallite size decreased slightly from the as-sintered initial value of 30 ± 2 nm to 19 ± 4 nm and 24 ± 4 nm after 12 h CCE and 1000 CV cycles, respectively. The interpretation of the XPS spectra of transition metals is not trivial. In particular, the Co 2p spectrum has a complex peak shape that prevents straightforward quantitative determination of the Co oxidation state, as discussed by Biesinger et al. [35] Here, the Co 2p spectra measured before and after water oxidation (Figure 4b ) are in good agreement with reference spectra of Co3O4 [35] . Notably, the shape of the core-level spectrum did not change significantly upon 12 h CCE and 1000 CV cycles, further confirming the chemical stability of these flame-made Co3O4 nanostructures (Figure 4b ). In contrast, 9 the corresponding O 1s spectra indicated a slight change in surface electronic state, evidenced by an increase in intensity at a binding energy of 531 eV (Figure 4c ). The O 1s is a compound signal with contributions from Co oxide (narrow peak below 530 eV) as well as possible contributions from defect sites, hydroxides, adsorbed water and organic oxygen corresponding to a broad feature with a maximum at 531 eV. Since the C 1s spectra (Figure 4d ) did not reveal variations in the level of organic oxygen on the surface, we tentatively attribute the spectral change at 531 eV to the formation of CoOOH on the Co3O4 surface.
[28c] However, considering that this was not reflected in the Co 2p spectra, oxidation of the nano-island surface is minimal and may explain the small drop in Co3O4 crystal size measured upon sustained water oxidation. This is in agreement with the XRD analysis ( Figure 4a recently attracted considerable attention. [21a,21b] GaN has its conduction and valence band edges straddling the redox potential for water splitting and a bandgap that can be tuned across the entire solar spectrum by varying the indium mole fraction of InxGa1-xN, thereby promising multiband structures for high efficiency solar hydrogen generation.
[21c]
To date, however, there is a lack of investigations on the use of co-catalysts towards improving the water oxidation efficiency of GaN-based photoelectrodes. Tapered nanowires with an average diameter of ca. 200 nm and a length of ca. 1.5 µm were obtained. The 5, 10 and 15 s Co3O4 sub-monolayers were directly deposited on the GaN nanowires and annealed into the robust nano-island morphology (Figure 5b ). The photoelectrochemical performance of these Co3O4-GaN photoanodes was investigated by photocurrent density vs potential measurements (Figure 5c ). Notably, all Co3O4-loaded photoanodes showed a cathodic shift in onset potential of ca. 100 mV and distinctly increased photocurrents at potentials below 0.6 V vs. RHE. The best performance was obtained with the 5 s Co3O4-loaded GaN that resulted in a 240% higher photocurrent density at 0.4 V vs. RHE than the bare GaN photoanodes. This is an excellent co-catalyst performance for a photoelectrochemical system. It is worth noting that the saturation current of bare GaN is higher than that of the 10 and 15 s Co3O4-GaN and a bit lower than the 5 s Co3O4-GaN. We attribute this to the interplay between the effective light absorbance (ηabs) and surface charge transfer efficiencies (ηtrans). Overall, the practical water oxidation photocurrent (Jwater) shown in Figure 5c can be estimated by: Jwater = Jmax × ηabs × ηsep × ηtrans.
[36] Where Jmax is the maximal theoretical saturation photocurrent density (Jmax) of the semiconductor material, and ηsep is the charge separation efficiency. Amongst others, the ηtrans is determined by the percentage of surfacereaching holes involved in the OER. [36] For certain semiconductors such as BiVO4 and hematite, the ηtrans is limited, even at high potentials, due to surface recombination, which decreases the number of surface-reaching holes engaging in the OER. [37] As previously reported, [37] [38] the ηtrans can be increased by integration of OER catalysts into the lightabsorbers resulting in higher saturation photocurrent densities. Here, for the 5 s Co3O4 -GaN, the ηabs × ηsep is almost the same as that for the bare GaN electrodes due to the high transparency of the 5 s Co3O4 nano-islands. The lower photocurrent density of the bare GaN electrode can be tentatively attributed to its slow degradation in the absence of the co-catalysts (Figure 5d , black line) and its higher surface charge recombination rate than Co3O4-GaN.
[38b] This is supported by the Nyquist plots ( Figure S8 ) in which the impedance arc radius considerably decreased after the addition of the Co3O4 co-catalysts, indicating that the charge transfer kinetics at the electrode-electrolyte interface is improved. However, the saturation photocurrent density of the photoelectrodes with 10 s and 15 s Co3O4 is lower than that of the bare GaN (Figure 5c ), due to the lower transparency of these Co3O4 sub-monolayers that decreases the resulting light absorbance efficiency (ηabs) more than increasing the surface charge transfer efficiencies (ηtrans).
The best performance of the 5 s Co3O4 nano-island sub-monolayer was attributed to its high optical transparency and excellent OER activity (Table 1) . Furthermore, photostability characterizations (Figure 5d ) reveal that Co3O4 nanoislands significantly decreased the photocorrosion of the photoanodes with respect to the pure GaN ones. This is tentatively attributed to the presence of Co3O4 that acts as a hole scavenger, rapidly collecting the photogenerated holes and thereby suppressing the photo-oxidative corrosion of GaN surface and charge recombination processes. 
Conclusion
In summary, we have presented a highly transparent, mechanically and chemically stable Co3O4 nano-island morphology capable of achieving high electrochemical oxygen evolution rates in basic aqueous solutions. The permetal TOF at an overpotential of 400 mV in 1 M NaOH aqueous solution of these sub-monolayers is 0.34 -0.65 s
and among the highest so far reported for Co-based electrocatalysts. The low mass loading (few μg cm −2 ) of this morphology resulted in highly transparent catalytic layers with 94% transmission at a wavelength of 500 nm. This is key to minimising the impact of low-cost electrocatalysts on the light harvesting efficiency of the underlying light absorbers in photoelectrochemical water splitting. Excellent long-term electrochemical stability of the flame-made Co3O4 nano-islands was observed with no deterioration of the performance and obvious chemical and morphological changes over 12 h of operating at a constant current of 10 mA cm -2 and during 1000 CV cycles for water oxidation.
Furthermore, the initial catalytic activity and transparency were also preserved. In addition to the excellent performance obtained with Co3O4, the potential of this rapid solvent-free self-assembly approach for the fabrication of highly transparent and active water oxidation catalyst layers was successfully demonstrated by synthesis of efficient Co3O4-GaN nanowire photoanodes, a promising tunable model system for photoelectrochemical cells.
Experimental Section

Synthesis of Co3O4 Nano-Islands
Cobalt oxide nanoparticulate nano-island sub-monolayers were produced by flame spray pyrolysis of solutions ).
Top-down Fabrication of GaN nanowires
GaN nanowires were fabricated by plasma etching of MOCVD grown n-GaN epilayer with a carrier concentration of 5 x 10 17 cm -3 using self-assembled Ni particles as a mask. [39] To obtain n-type GaN as a photoanode, the top 2 μm of the film was doped with Si. This was followed by the deposition of 500 nm Si oxide film and 10 nm Ni by plasma-
13
enhanced CVD and electron-beam evaporation techniques, respectively. The resulting films were subjected to rapid thermal annealing at 850 o C for 2 mins to form Ni particles mask and subsequently to dry etching for 120 s using inductively coupled plasma reactive ion etching (ICP-RIE) to form GaN nanowires. Ohmic contacts for the GaN based photoanodes were made by depositing 30/150 nm of Ni/Au by electron beam evaporation followed by rapid thermal annealing at 400 o C in Ar gas flow.
Material Characterisation
X-ray diffraction (XRD) analysis was run using a D2 Phaser, Bruker, USA. The cobalt oxide nanoparticle layers on FTO glass used for XRD analysis was deposited for 4 minutes. Cobalt oxide nanoparticles were analysed using a Hitachi H7100FA 125 kV transmission electron microscope (TEM). The morphology of cobalt oxide films and GaN nanowires was analysed by scanning electron microscopy (Zeiss UltraPlus analytical scanning electron microscope).
Prior to examination, SEM specimens were platinum sputter-coated for 2 min at 20 mA with a thickness of 1-2 nm.
UV-Vis spectrophotometric analyses were carried out using a microplate reader (Tecan 200 PRO, Switzerland) from 350 to 800 nm with 10 scans per cycle. Bare FTO glass substrates were treated with pure toluene without cobalt precursor using same synthesis parameters as those for Co3O4 deposition, and then were calcined at 550 o C for 1 h before UV-Vis measurements. Data processing was performed using CasaXPS processing software version 2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements present were identified from survey spectra. The atomic concentrations of the detected elements were calculated using integral peak intensities and the sensitivity factors supplied by the manufacturer. The accuracy associated with quantitative XPS is ca 10 -15%. Precision (i.e. reproducibility) depends on the signal/noise ratio but is usually much better than 5%. The latter is relevant when comparing similar samples.
ICP-MS Measurements
Electrochemical and Photoelectrochemical Characterisation
Cyclic voltammetric (CV), at a scan rate of 10 mV s −1 and chronopotentiometric measurements were carried out with a Bio-Logic VMP3 potentiostat at room temperature (ca 25 o C). One thousand consecutive CV scans were performed with a scan rate at 50 mV s 
Calculation of TOF and Mass Activity
The per-metal turnover frequency (TOF) was calculated on the basis of the catalyst loading of Co3O4 m = 255, 554 and 746 ng, and the measured current density j (mA cm 
where j is the measured current density (A cm 
Calculation of Co3O4 Layer Transmittance
The total transmittance measured after deposition of the film, Ts+f ,λ, can be decomposed into transmittance of a bare substrate, Ts ,λ, measured before deposition of the film and transmittance of the film itself. In line with the Bouguer-Lambert-Beer law, the transmittance of the film can be extracted from these two measurements by taking the ratio of the transmittance of both the substrate and film to the transmittance of the substrate alone:
16 [b] 56 [b] [ 13] Co3O4 NPs/PLAL [a] 0.004 HOPG/1 M KOH ~46 [b] 314 mV at 0.5 mA cm −2 0.47 [b] 1250 [b] [14]
Co3O4 nanocrystals with N-graphene/ hydrothermal 0.24 carbon fibre paper/0.1 M KOH ~67 ~360 [b] 0.0031 [b] 92 [b] [ 41] Co3O4 NPs with CNTs/noncovalent functionalization 0.05 ITO/ 1 M KOH ~104 594 0.0018 [b] 56
